The aims of this study were to investigate the Dipotamos water reservoir destratification process that used the low-energy method of air injection, and evaluate its potential to suppress the presence of nuisance compounds to within permitted drinking water limits. The selection of optimum design parameters for the application of air injection through perforated pipes was based on the Davis model. Data collected throughout a 4-year operation period showed that artificial mixing by air injection may be adequate for the complete destratification of the reservoir. The air injection method had a low energy demand, estimated to be around 55 Wh/10 3 m 3 /d. Upon air injection start-up, water column homogenization occurred relatively quickly, as deduced by the values of temperature and dissolved oxygen concentration recorded at various sampling points within the reservoir. After the 1st week of operation, the oxygen concentration at 20 m depth increased from nearly zero to 2 mg/L, and doubled 1 week later, reaching equilibrium after 30 d of continuous operation. The air injection method resulted in the improvement of water quality.
LIST OF ABBREVIATIONS AND ACRONYMS
algae grow quickly in water and these may produce either aesthetic problems or toxic metabolites (Bell & Codd ) . Taste and odor problems in surface water aquifers, i.e. lakes, rivers, canals and reservoirs, are usually associated with the existence of specific phytoplanktonic microorganisms that release a variety of organic substances, with 2-methylisoborneol (MIB) and geosmin (trans-1,10-dimethyltrans-9-decalol) being the most important. Odor threshold concentrations (OTCs) for geosmin and MIB have been reported to range from 4 to 10 and 9 to 42 ng/L, respectively. In countries with high levels of sunlight throughout the year, such as Greece, the intense sunshine during spring, summer and autumn, favors thermal stratification of surface water bodies, resulting in significant aesthetic and potentially toxic problems. Stratification problems were identified in the reservoir of Dipotamos when the dam was first operated (2005). These problems resulted in water quality deterioration and revealed the urgent need to implement appropriate management measures. The aim of this study was to determine the best practice of stratification control by implementing a low-cost method, and the objectives included the study of the most suitable aeration process for artificial destratification, identification of the optimum design parameters, and evaluation of process efficiency over a long-term period.
BACKGROUND STUDY

Water body
The construction of Dipotamos water reservoir was funded by the European Union in order to supply around 20 × 10 3 m 3 /d drinking water to the nearby Municipality of Alexandroupoli (N. Greece). The surface area of the artificial lake at normal operating level is approximately 1 km 2 , the watershed area is close to 100 km 2 , volume is estimated at 13.5 × 10 6 m 3 , maximum water depth is 30 m, and the point of water abstraction is about 20 m below the overflow level.
The typical physicochemical characteristics of the reservoir water are given in Table 1 . Concentrations of the trace elements As, Co, Cr, Ni, Pb, Sb and Se were always below 2 μg/L, and those of Cd and Hg below 0.1 and 0.02 μg/L, respectively.
Stratification effects
Dipotamos reservoir was flooded in early 2005 and the development of stratified layers was observed in early summer of the same year and intensified in autumn ( Figure 1 ). As shown in Figure 1 , the water temperature in the epilimnion layer was close to 15 W C and decreased to 8 W C in water depths greater than 12 m (hypolimnion).
The exact boundaries between the epilimnion-metalimnion-hypolimnion layers are not distinctly defined;
however, a rough identification of the three layers may be based on temperature and dissolved oxygen (DO) profiles. 
RESERVOIR MANAGEMENT SOLUTIONS
Several alternative strategies were examined to manage the algal bloom and the low water quality. Upgrading the existing water treatment plant by installing additional treatment processes was considered, but a cost-benefit analysis revealed that this would impose high construction and operating costs. As a result, other solutions were considered including the application of prevention measures.
One environmentally friendly approach would be the abstraction of water from layers with lower concentrations of nuisance compounds. This selective withdrawal approach was implemented during 2007 and 2008. The organoleptic characteristics of the abstracted water in that period were almost unacceptable, although the concentration of the compounds influenced by stratification ( 
DESIGN OF THE DESTRATIFICATION PROCESS FOR DIPOTAMOS RESERVOIR
Compressed air injection through perforated pipes was selected to be installed to destratify the Dipotamos reservoir.
The locations of the perforated pipes are shown in Figure 2 .
The Davis model was implemented for process design and was based on the energy (E) required to destratify a certain volume of water. Firstly, the Potential Energy of Stratified system (PES) and the Potential Energy of Mixed system (PEM) were calculated through Equations (1) and (2), by applying the values of critical parameters given in Table 3, as follows:
where ρ is and ρ im are the water densities of each water layer (kg/m 3 ), V i is the volume of each water layer (m 3 ), h i is the height of the center of each layer from the bottom of the reservoir (m), and g is the acceleration force due to gravity (9.81 m/s 2 ). The stability (S) factor is equal to:
The energy required for destratification (E) is calculated by Equation (4):
where R is the solar heat, approximated as 5 J/m 2 per day required for destratification, and W is the wind energy which is neglected in a conservative approach, since wind velocity during the artificial mixing period (summer-early autumn) is usually extremely low.
The required air flow rate (Q) in L/s is then calculated by Equation (5):
where T is the time to achieve destratification (s), and D is the perforated pipe's depth (m). Finally, from the volume of water to be destratified (V, m 3 ) and the air flow rate (L/s), the length (m) of perforated pipe was calculated by Equation (6): 
Since the monthly water volume abstraction barely exceeded 0.6 × 10 6 m 3 , and considering the meandric flow type of the reservoir (Figure 2) , the artificial destratification process was applied to a water volume equal to 6 months' consumption, located in an area ca 250 m from the withdrawal point. Based on the assumption that the destratification process should be applied around the end of spring, the required theoretical energy for destratification, the corresponding air flow and the length and size of the perforated pipes were calculated for a temperature range of 18-22 W C (for the epilimnion) and 5-20 W C (for the hypolimnion).
The results arising from the Davis model showed that the higher the difference between epilimnion and hypolimnion temperatures, the greater the energy required for destratification and the higher the associated air flow rate ( Figure 3 ). Figure 3 , to ensure a temperature difference of 4 W C in the water column, a specific air flow rate value of 9.9 m 3 /km 2 /min is necessary ( to 9.2 m 3 /km 2 /min. Therefore, the required air flow rate for mixing the selected area of the reservoir, with a temperature difference of 4 W C between the epilimnion and hypolimnion layers, was calculated to be:
As shown in
Q ¼ 9:9 m 3 =km 2 =min × 0:2 km 2 ¼ 1:98 m 3 =min À 33 L=s (7) An Atlas Copco GA15VSD15 air compressor system (con- Figure 2) , providing Q max ¼ 20 L/s, whereas a pipe with Ø40 mm was selected for line C, giving a flow rate of Q max ¼ 10 L/s. In-situ measurements showed that the headloss in all pipelines, rating at Q max , was kept well below 2 mwc, injection process. The temperature difference between the epilimnion and hypolimnion layers prior to air injection, which exceeded 10 W C, became more uniform after applying the destratification measures.
At the end of the 2nd week the temperature difference between the epilimnion and hypolimnion was around 4 W C, while at the end of week 4, the water temperature almost reached equilibrium without any stratification (see Figure 4 ).
Similar results were also observed for all the other sampling points, even for sampling point 5, which is located 300 m away from the end of perforated pipe A. From these results it can be estimated that the total volume of water mixed was around 5 × 10 6 m 3 , which is well over the assumed value of 3.2 × 10 6 m 3 used in the Davis model as a design parameter.
Conclusively, by practicing compressed air injection with an energy consumption as low as 55 Wh/10 3 m 3 /d, which results in a daily energy cost of around 30 €, good quality tap water is ensured for the 80 × 10 3 habitants of Alexandroupolis city. In addition, it must be highlighted that the capital cost of this project was close to 100 × 10 3 €, which rendered functional an infrastructure (dam) that cost around 20 × 10 6 €.
RESULTS OF LONG-TERM OPERATION
Following the preliminary results that indicated the promis- It should be underlined that the reservoir water also met with MCL for pesticides, polynuclear aromatic hydrocarbons, polychlorinated biphenyls and herbicides, attributed to the environmentally safe watershed. The microbiological quality of abstracted water was good and stable and at 37 W C contained less than 3 total coliforms per 100 mL and less than 10 total cells per mL. Additionally, counts of Escherichia coli and streptococcus per 100 mL were not normally detected, although counts of 1 to 3 were measured occasionally. In contrast, heavy precipitation in the watershed significantly reduced the microbiological quality of the abstracted water for several days each year. In these cases, as many as 120 total cells per mL were measured at 37 W C, while counts of total coliforms, Escherichia coli and streptococcus did not exceed 20/mL. However, the conventional water treatment plant effectively eliminated these drawbacks and produced safe water to EU drinking water standards. 
CONCLUSIONS
